A simplified Voltage Peak Detection (VPD)-based flickermeter based on spectral decomposition is proposed in this paper to detect flicker caused by high-frequency interharmonic components which effect the illumination of next-generation lamps, such as LEDs and compact fluorescent lamps. The proposed VPD-based flickermeter is specially designed to be robust to fundamental frequency deviations, which is a reality of all power systems. The proposed flickermeter is developed using a sinusoidal voltage model and it is analytically shown that flicker depends on the additive effect of the amplitudes of all the interharmonic components. Flicker results obtained by the proposed VPD-based flickermeter, IEC 61000-4-15 flickermeter, and another spectral analysis based IEC flickermeter are all compared with both synthetic voltage waveforms and field data collected from parts of the electricity transmission system with intermittent loads such as electric arc furnaces. It has been shown that only the proposed VPD-based flickermeter is sensitive to the high-frequency interharmonic components in the voltage spectrum and they are not detected by the other flickermeters. In the literature, there is no flickermeter that considers the flicker effect of the high-frequency interharmonic components and gives accurate results in cases of fundamental frequency deviations at the same time.
Introduction
Light flicker, being one of the fundamental power quality parameters, is caused by low-frequency voltage amplitude fluctuations. This distortion of the enlightenment caused by voltage fluctuations has an irritating effect on people, which is measured by the method recommended in the IEC (International Electrotechnical Commission) Standard 61000-4-15 [1] . However, it is known that, in its present form, the IEC flickermeter is suffering from some deficiencies [2, 3] .
One of these deficiencies is that the source and direction of the flicker can't be determined. Some solutions are provided in the literature [2, 3] . Another problem with the IEC flickermeter is that there can be divergences in the measurements from the human perception [4, 5] . Low pass filters (LPF) and Root-Mean-Square (RMS) computations are introduced to be used instead of blocks 4 and 5 of the IEC flickermeter to reduce this problem and improvement has been reported with this method in [5] .
only the VPD method [24] . A flickermeter that is recommended in [25] detects only the high-frequency interharmonic components. In another study, the VPD-based flickermeter is designed to combine individual effects of all the interharmonic components [26] . In [27] , an FFT-based flickermeter robust to the fundamental frequency deviation is proposed and it is shown that the total instantaneous flicker sensation can be found as the sum of the individual instantaneous flicker sensations generated by each low-frequency interharmonic component contributing to flicker. In that work, however, high-frequency interharmonic components are not taken into consideration [27] .
It is understood from all of these studies that there is a need for a flickermeter, which is designed for all types of lamps and which senses the flicker caused by the interharmonics in the entire frequency spectrum, even if there are instantaneous changes in the signal. In a previous work of the authors, a new flickermeter and a flicker curve have been proposed to meet the above shortcomings by uncovering the disadvantages of recommended flickermeters in the literature. It is also shown analytically that the light flicker should be determined not by using the AM signaling model as in the IEC flickermeter but the interharmonic signal model. It should also be noted that not only the low-frequency interharmonic components but also the high frequency interharmonic components have almost the same effect as the low frequencies. In the case of the flicker caused by the high-frequency interharmonics, VPD flickermeter detects the flicker while IEC flickermeter doesn't. Hence, a new VPD flickermeter with a new flicker curve considering also the high-frequency interharmonics is suggested in the previous work [28] . This new flickermeter is shown to detect the flicker caused by high-frequency interharmonics and to be much more robust to the fundamental frequency deviations, such as in cases of electric arc furnace loads [26, 29] .
In this paper, a simplified VPD flickermeter based on the spectral decomposition method in [27] is proposed using the relative amplitude in the flicker curve obtained in [28] . The maximum value of the instantaneous flicker sensitivity, S max , values are obtained using 0.2 s (10 cycles of the 50 Hz fundamental frequency) windows overlapping nine cycles. Here, different S max calculation methods consider the fact that interharmonic components are not evenly distributed around the fundamental and harmonics while spectral decomposition is used to detect S max . After selecting the best one among these S max calculation methods, flicker estimations are computed with field data obtained from a substation supplying an electric arc furnace plant.
This paper consists of seven parts. Section 2 briefly addresses the deficiencies of IEC and VPD flickermeters. In Section 3, simplification by mathematical inference for the VPD flickermeter is shown. In Section 4, the proposed simplified VPD flickermeter method is described. The results obtained using both synthetic and field data are shown in Sections 5 and 6. The results are highlighted in the last chapter.
Problem Definition
Deficiencies of the IEC and VPD flickermeters can be summarized as follows:
• IEC flickermeter cannot sense flicker resulting from high frequency interharmonic components.
• IEC flickermeter models the signal with flicker as an AM modulated signal, which results in evenly distributed interharmonics around the fundamental and the harmonics and this does not fit the case of actual transmission system voltage waveforms.
• IEC flickermeter usually suffers from fundamental frequency deviations, which is a fact of the electric system due to time-varying load-generation balance.
• VPD flickermeter proposed in [26] , which detects high-frequency components and deems flicker as a signal with interharmonic components instead of an AM modulated signal, is incompatible with the IEC flickermeter.
• VPD flickermeter in [26] has a highly faulty response in case of fundamental frequency deviation. Hence, a new flicker curve is needed to cope with this problem. The aim of this work is to introduce a new spectral decomposition based flicker computation method to take care of all these deficiencies.
In [27] , it is shown that the instantaneous flicker sensation can be computed as the summation of the flicker effects of each individual frequency component in the voltage spectrum. In Equation (1), the effect of the ith frequency component on the instantaneous flicker sensation, where
V represents the ratio of the ith flicker frequency amplitude to the fundamental frequency component amplitude [27] :
In Equation (1), (
V values resulting in unity instantaneous flicker sensation at the output of Block-4 of the IEC flickermeter. H f B i is the frequency response of the filters in the IEC 61000-4-15 flickermeter at each flicker component f B i . The resultant S max value according to [27] is obtained as the sum of S max(i) values for all interharmonic components existing in the voltage spectrum as given in (2):
However, this computation method assumes that interharmonic frequency components are evenly distributed around the fundamental frequency. In cases of fundamental frequency deviations and highly time-varying loads such as electric arc furnaces, S max computation can be varied to obtain closer values to the actual instantaneous flicker sensation values as suggested in (3)- (5):
where V c [k] values are the spectral corrected amplitudes of the interharmonics formed around the fundamental frequency causing the flicker, "N" is the number of flicker components around the fundamental and ∆V VPD /V are the relative amplitude values for each frequency to obtain unity instantaneous flicker sensation value for the VPD flickermeter [28] . Table 1 provides a list of ∆V VPD /V values causing unity S max for all interharmonic frequencies starting from 1 Hz to 25 Hz (which correspond to 50 Hz ± interharmonic frequency in the voltage frequency spectrum). ∆V VPD /V values in Table 1 are half the values given in the IEC Standard 61000-4-15 since the total effect of the beat frequencies around the fundamental are listed in the standard. Here, in Table 1 , effects of the individual interharmonic frequencies are listed, which is actually one of the advantages of the proposed method in this paper, i.e., different frequencies causing the same beat effect are allowed to have their own effects on the measured flicker. If the fundamental frequency does not shift and the sampling rate is chosen to be an integer multiple of this frequency, all S max values suggested in Equations (3)-(5) are equal to each other if their frequencies are in the same distance to the fundamental frequency. However, in cases of highly time-varying loads such as electric arc furnaces resulting in time-varying voltages, discrete Fourier Transform based methods cannot detect frequency components accurately. Moreover, interharmonic components of actual voltage signals are not evenly distributed around the fundamental frequency, which leads to erroneous calculations for the methods based on the modulated signal model given of the IEC flickermeter [1] . To overcome this situation, both spectral correction and different S max calculation methods have been focused on and different results are obtained. 
Simplification of VPD Flickermeter
When the flicker is expressed with the interharmonic signal model, more precise flicker detection can be performed for both the new generation lamps using rectifiers such as CFLs, LEDs, and the incandescent lamps. To achieve this, VPD flickermeter, which detects flicker using a down-up sampling method, is used [26] . Block diagram of the VPD flickermeter is shown in Figure 1a . Also the IEC 61000-4-15 flickermeter is represented in Figure 1b for 
When the flicker is expressed with the interharmonic signal model, more precise flicker detection can be performed for both the new generation lamps using rectifiers such as CFLs, LEDs, and the incandescent lamps. To achieve this, VPD flickermeter, which detects flicker using a down-up sampling method, is used [26] . Block diagram of the VPD flickermeter is shown in Figure  1a . Also the IEC 61000-4-15 flickermeter is represented in Figure 1b In the VPD flickermeter illustrated in Figure 1a , block 2 and block 3 of the IEC flickermeter recommended in [1], as in Figure 1b , are changed [26] . Instead of these blocks, sampling is achieved with the sampling frequency f s = M f 1 and M is an integer such that f s is an integer multiple of the fundamental frequency f 1 . Then, a "rectification" is applied that is mathematically taking the "absolute Electronics 2018, 7, 99 6 of 24 value". Peak voltage is then obtained by "down sampling" by 2 f 1 or 2/M. When the peak point is determined, "up sampling" is performed by f s , keeping the two peaks inside one cycle and replacing all other samples by zeros. As the last step, a low-pass filter (LPF), with cut-off frequencies of 50 and 60 Hz for 50 and 60 Hz systems, is used in this flickermeter, while the IEC 61000-4-15 flickermeter uses these of 35 and 42 Hz, respectively. The rest of the system is the same as the IEC flickermeter [26] . In addition, a high pass filter (HPF) with cut-off frequencies of 0.05 Hz is used in this flickermeter. LPF and HPF flickermeter constitutes band pass filter (BPF). The rest of the flickermeter is the same as IEC 61000-4-15 flickermeter.
New generation lamps such as LEDs and CFLs are more susceptible to peak amplitude fluctuation and therefore the VPD flickermeter method is preferred when they are used. This is because these lamps, excluding the incandescent lamps, carry the high-frequency interharmonic components to the interharmonic frequencies around the fundamental and the odd harmonic due to their operation principles.
The signal with flicker is modeled as in (6) using the interharmonic signal model:
"V" in (6) symbolises the system amplitude, f 1 is the fundamental frequency,
∆V
V is relative the amplitude of the interharmonic signal, f I H is the frequency of this interharmonic, "h" is an odd number, f h is the odd harmonic, f B is the flicker frequency of the interharmonic and f I H represents the component of the flicker.
Equation in (6) can be rewritten as in (7):
If v(t) is defined as the input signal in Figure 1a , then the rectified signal in Figure 1a (output of Rectification block) can be expressed as a square wave function multiplied by the sinusoidal expression [26] . Square wave s(t) is given as in (8) using the Taylor series expansion:
Hence, a rectified form of v(t) or |v(t)| can be expressed as given in (9):
The final equations in (10) and (11) , the first part of (9) with the singular harmonics v f (t), and the second part of it with the interharmonics as v I H (t), are, respectively:
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Equations (10) and (11) 
In (12) and (13), "k" is the discrete time index, t 0 is the first sampling time; (L = 0, 1, 2, ...), where 2π(n − 1) f 1 t 0 is independent of the semantic value k and (n ± 1)πk is 2lπk(l = 0, 1, 2, . . .) because of an odd integer notation "n", and thus v f [k] value is obtained as the "DC" term.
. . ) and t 0 = 1/4 f 1 (due to peak detection at each quarter period of the fundamental) are expressed in (13) and the variables are given as follows:
|v(t)| expression will then be passed through the Band Pass Filter (BPF) and Low Pass Filter (LPF), so that the high frequency components and the DC term will be filtered and, as a result, final expression will be as given in (17):
If the first cosine expression in (17) is explicitly rewritten, (18) is obtained.
The ∅ I H phase value in this equation is neglected and then the cosine term in (18) can be written as in (20) using the trigonometric identity given in (19) :
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If it is used according to the Equation (18), it will be like (20) :
Furthermore, if t 0 = T 1 /4 is substituted in the expression, cosine expression in (21) is obtained
When h = 1, 3, 5, . . . and n = 1, 3, 5, . . . . (h − n) is even and cosine and sine components with (h − n)π terms cancel out and denoting them by A 1 and B 1 respectively, (22) is obtained:
It is obvious that B 1 = 0 for all values of even (h − n), so that the left side of the expression " ± " is equal to zero. The expression A 1 will be as given in (23) depending on the value of (h − n):
Due to (23), (22) can be expressed as given in (24):
Similarly, the second cosine expression in (17) can be explicitly written as in (25):
If ∅ I H is omitted and the expression (25) is derived according to (19) , (26) is obtained:
Furthermore, if t 0 = T 1 /4 is substituted in the expression, this cosine expression is obtained as given in (27) , since T 1 = 1/ f 1 :
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When h = 1, 3, 5, . . . and n = 1, 3, 5, . . . ., (h − n) is even and cosine and sine components with (h − n)π terms cancel out and denoting them by A 2 and B 2 , respectively, as (28) :
It is clear that B 2 = 0 for all values of (h + n), so that the left side of the expression " ± " becomes zero. A 2 is expressed as in (29) according to the values of (h + n):
(h + n) = 2, 6, 10, . . . ;
Then, the expression in (28) can be written as given in (30) . In addition, using the expressions (23) and (24) , |v[k]| can be written as in (31):
Considering the expressions (23) and (29), the changes of the expressions A 1 and A 2 will be examined as in (32) assuming that h = 1 and n = 1, 3, 5, 7, 9, . . ., respectively. Note that only the components around the fundamental frequency exist in Equation (31) . In this equation, H( f B ) is the frequency response of the flicker frequency component of the filters in the IEC 61000-4-15 flickermeter:
if n = 1 and h = 1, then
Therefore, Equation (31) can be expressed as in (33):
It is obvious that this expression is independent of the "n" value and has positive and negative values, respectively, as given in (32) .
If the statement in (33) is written again as in (31), then (34) follows:
The end part of the total expression in (34) can be approximated as in (35):
Therefore, when the expression in (35) is substituted in (34), (36) is obtained:
This expression shows the output of the weighting filter following BPF (HPF with 0.05 Hz cut-off frequency + LPF with 50 Hz cut-off frequency) in Figure 1a . When the square of the expression in (36) is taken, it can be shown as in (37):
The 2 f B frequency component constituting the fluctuation is passed through the last LPF with a time constant of τ = 0.3 s as recommended in the IEC Standard [1] to obtain the instantaneous flicker sensation S max value in (38) [27] : (38) is the frequency response of all the filters in the VPD flickermeter at the frequency 
The expression in (39) shows the output of BPF in Figure 1a . When the square of (39) is taken, |u[k]| 2 can be written as in (40):
In Equation (40), components with the frequency "2 f B ", " f B i − f B j ", and " f B i + f B j " constitute the double-frequency components, the frequency-difference components and the frequency-summation components, respectively. As stated in [27] , if these components are negligible, the expression in (40) can be written as in (41):
The S max value, which is the value of the instantaneous flicker sensation, is obtained by passing through the last LPF with a time constant of τ = 0.3 s as in (42) [1]:
In (42), N is the number of components to be calculated at frequencies to f ± 25 Hz around the fundamental frequency. Note that the beat frequencies around the odd harmonics are reflected to the interharmonics around the fundamental by using the VPD flickermeter, hence they are already taken care of.
Based on the values of ∆V VPD /V given in Table 1 and the Equation (1), individual effect of each interharmonic component (S max(i) ) is computed as in (43), using the VPD flickermeter values in Table 1 :
The overall S max value is then given as the sum of each S max(i) value as in (44):
Hence, it can be concluded that the proposed flickermeter has lower computational complexity compared to the VPD flickermeter based on (43) and (44).
Proposed Simplified VPD Flickermeter Method
The block diagram of the proposed VPD-flickermeter, including the spectral verification scheme used, is given in Figure 2 . In the proposed method, a comb filter is first applied on the input signal v[k], to extract the fundamental frequency with the interharmonics in the neighborhood of ± 25 Hz and only the interharmonics around the odd harmonics, but not the harmonics themselves. Comb filter is obtained by using LPF, HPF and notch filter groups in parallel, specifically HPF and LPF filters with f h − 25 Hz ve f h + 25 Hz cut-off frequencies, and notch filters with stop frequency " f h " at harmonics, respectively. Zero-crossing detection is applied on the filtered signal, and both the fundamental frequency " f f " and the starting sample "n 0 ", which corresponds to a zero-crossing, for the DFT and the exact start time "t 0 " for generating synthetic signal are determined [27, 29, 30] . (45) is obtained with the help of (34) to find the rectified signal with the determined starting point and the starting time: 
is a signal at (6) starting at the point "n 0 " and in the case of frequency deviation, this approach will yield erroneous results and the synthetic waveform in v 2 [k] is generated to compensate for the error.
In (46), the "A" value in the expression A sin 2π f f t new is the actual amplitude of the fundamental component for each window and is obtained by using the DFT and it is used to obtain the amplitude of the synthetically generated signal [30] . t new is used as the corrected starting point to prevent any spectral leakage due to fundamental frequency deviations:
In order to obtain the interharmonic components around both the fundamental frequency and the other harmonics, Vc [k] is obtained in the frequency domain by subtracting the DFTs of signals v 1 and v 2 from each other [30] :
Due to the rectification process in (9), if there is a component around an odd harmonic, it is collected around the fundamental frequency. It should be noted that, unlike the DFT-based flickermeter proposed in [27] , the flicker component here is shifted to the spectrum at 0-25 and 75-100 Hz. For example, if there is an interharmonic component of 60 Hz, it will form a component at |50 − 60| = 10 Hz and |150 − 60| = 90 Hz originating from the multiplication with the 3rd harmonic. The flicker frequency of this component will be at |n*50 − 60|=10 Hz when n = 1 is selected, as mentioned earlier. 
Results with Synthetically Generated Data
Results presented in this section have been obtained on the synthetically generated voltage waveform with interharmonics to test the accuracy of the proposed approach and also the compatibility with the IEC flickermeter standard [1]. . The study is carried out in accordance with the signal model given in (6) . In that case, according to the standard, = 0.1304 and it is expected that = 1, = 0.7146. However, as mentioned before, erroneous results are obtained when the fundamental frequency deviates, and this problem still exists even if the frequency deviation occurs inside very short time intervals. Therefore, to increase the time-resolution of the analysis, 10-min synthetic data sampled at 3200 Hz is analyzed using 10-cycle windows overlapping nine cycles. The results are given in Table 2 for , and are the mean values of those 3000 instantaneous flicker sensation values (S) in the 10-min data.
Comparison of , and Instantaneous Flicker Sensation Computation Methods in Case of
As shown in Table 2 , for each fundamental frequency value between 49.5 Hz and 50.5 Hz, calculations have been made separately. It is obvious that the _ and values change too much as the distance from the fundamental frequency of 50 Hz increases, when the spectral correction is not performed, that is, the interharmonic calculation is performed directly on V1[k] instead of the operation (26) . With the spectral correction, it is observed that the maximum error in It is expected that these S max values will be equal to each other if the fundamental frequency does not deviate and a good sampling is performed with integer multiples of this frequency. However, since the flicker components occur with highly time-varying characteristics, the DFT components are not identically distributed at two sides of the fundamental frequency component, which leads to erroneous calculations. To overcome this problem, both spectral correction and different S max calculation methods are considered and the results are compared. It has been shown that the best results are obtained with the S 1 method.
Results with Synthetically Generated Data
Results presented in this section have been obtained on the synthetically generated voltage waveform with interharmonics to test the accuracy of the proposed approach and also the compatibility with the IEC flickermeter standard [1]. . The study is carried out in accordance with the signal model given in (6) . In that case, according to the standard, ∆V V = 0.1304 and it is expected that S max = 1, P st = 0.7146. However, as mentioned before, erroneous results are obtained when the fundamental frequency deviates, and this problem still exists even if the frequency deviation occurs inside very short time intervals. Therefore, to increase the time-resolution of the analysis, 10-min synthetic data sampled at 3200 Hz is analyzed using 10-cycle windows overlapping nine cycles. The results are given in Table 2 for S 1 , S 2 and S 3 are the mean values of those 3000 instantaneous flicker sensation values (S) in the 10-min data. As shown in Table 2 , for each fundamental frequency value between 49.5 Hz and 50.5 Hz, calculations have been made separately. It is obvious that the mean_S max and P st values change too much as the distance from the fundamental frequency of 50 Hz increases, when the spectral correction is not performed, that is, the interharmonic calculation is performed directly on V 1 [k] instead of the operation (26) . With the spectral correction, it is observed that the maximum error in mean_S max is 1%. When methods S 1 , S 2 and S 3 (i.e., (3)-(5), respectively) are compared, the method S 1 presents better results in terms of P st , whether spectral correction is performed or not.
Comparison of S

Comparison of S 1 , S 2 and S 3 According to Frequency Deviation for High-Frequency Interharmonics
Comparison studied for the low-frequency interharmonic at 40 Hz in the previous subsection is carried out for f I H = 940 Hz ( f B = 10 Hz) in this case.
The results are compatible with the low-frequency results as shown in Table 3 . It is shown by this test that the proposed flickermeter is sensitive to high-frequency interharmonics, while, in the classical approach, the effect those interharmonics had would be completely eliminated. The same comparison for S calculation methods S 1 , S 2 and S 3 also apply to this case. Almost the same results are obtained for all methods. Therefore, from now on, studies are continued using the method S 1 .
Proposed Flickermeter Responses to Various Sinusoidal Voltage Fluctuations with Different Frequency Resolutions
The mean_S max response of interharmonic signal model in (6) has been investigated with 5 Hz (window of 0.2 s) and 0.5 Hz (window of 2 s) resolutions when the ∆V V relative amplitude values corresponding to various frequencies given in Table 4 are applied. Both low frequency and high frequency interharmonic components corresponding to the same beat frequencies are applied as shown in Table 4 .
As can be seen from Table 4 , the mean_S max value is measured at a resolution of 5 Hz and when the flicker frequency is an integer multiple of 5 Hz, then the mean_S max value is measured without an error, while it is measured with an error of 2% when the flicker frequency is not an integer multiple of 5 Hz (38/62 Hz or 938/962 Hz interharmonic). When working with a resolution of 0.5 Hz (2-s window length), mean_S max is obtained without an error for all interharmonics. It may seem advantageous to work at a resolution of 0.5 Hz; however, as mentioned in [31] , since the 2-s window length is too long for the power signal to be stationary, 5 Hz resolution (0.2-s window length) is preferred. Hence, in the rest of the study, 5 Hz resolution is used. 
Response of the Proposed Flickermeter to the P st Homogeneity Test
According to IEC standard, the response of flickermeter should be homogeneous; i.e., P st is expected to increase proportional with the amplitude of the component causing the flicker [1] . To do this test,
∆V
V values in (6) are multipled with 0.5, 1 and 2 coefficients, respectively, and P st values are computed. Tests are achieved for all amplitude values corresponding to the flicker frequencies (both low and high interharmonic frequencies) listed in Table 1 with 5-Hz resolution. The results of this study are given in Table 5 . Table 5 . Response of proposed flickermeter to P st homogeneity test. As shown in Table 5 , the proposed system produces outputs with a very low percentage error in the P st homogeneity test, lower than 0.38% for all cases, while an error of 5% is allowed by the standard [1] . Especially considering that the DFT is applied for 5 Hz resolution, the results are very good for the flicker frequencies of 0.5, 2.5 and 12 Hz, which are not integer multiples of 5 Hz. It is also understood from the Table 5 that the situation for the high frequency interharmonics does not change. 
For these two signals with 40 Hz and 940 Hz interharmonics, i.e., 10 Hz flicker component, the maximum flicker sensation value mean_S max is given in Table 6 . The expected value of S is 25 in this case, since the square of S is shown to be directly proportional to the amplitude increase. Table 6 . Response of proposed flickermeter in the case of Equations (48) and (49).
In the Case of a Signal with a 40 Hz Interharmonic
In As can be seen from Table 6 , if the system frequency varies between 49.5 Hz and 50.5 Hz, the maximum error is 1.16%. The result is similar in the presence of 940 Hz components.
Response of Proposed Flickermeter in Case the Signal Has More Than One Flicker Component with Different Frequencies and Amplitudes
The signals used in this test are given in Equations (50) and (51) for both low-and high-frequency interharmonic components, and amplitudes are chosen from Table 1 so that unity S max is expected at the output:
For this test, the expected value of S is 5, since it has been shown previously that the effect of interharmonic components to the instantaneous flicker sensation S is additive [27] . The mean_S max values obtained are given in Table 7 together with the corresponding error rates calculated as the deviation from 5. It is clear that, if the fundamental frequency is increased or decreased, mean_S max is obtained by the S1 method with a maximum of 4% error if there is an interharmonic component around the fundamental harmonic. In the presence of interharmonics around 950 Hz, the error may exceed 5%; however, for the cases of frequency deviation more than ±0.3 Hz. On the other hand, as mentioned in [27] , new generation systems usually have maximum frequency shifts of ±0.2 Hz and when this frequency deviation range is taken into consideration, an error below 1% is obtained.
Response of Proposed Flickermeter in Case the Signal Has More Than One Flicker Component with Different Frequencies and Different Amplitudes
The signals used in this test are given in Equations (52) and (53) for both low-and high-frequency interharmonic components, and different multiples of amplitudes are chosen from Table 1 so that S is expected to be 55 (summation of the square of each multiple) at the output:
For this test, the mean_S max is given in Table 8 together with the error rates calculated based on the expected result, which is 55.
Proposed VPD Flickermeter Response to Field Data
The field data used in this work has been obtained from the electricity transmission system of Turkey by the power quality monitoring devices developed through the National Power Quality Project of Turkey [32] . The data has been collected from a transformer substation supplying an electric arc furnace (EAF) plant; therefore, it is rich in highly time-varying interharmonics and hence suffers from significant flicker. It is 10-min data collected from three different phases simultaneously at a sampling frequency of 3.2 KHz. For all phases of the collected voltage waveform, frequency variation is calculated. In addition, instantaneous flicker sensation values (mean_S max ) for 10 min are obtained using the proposed method, the IEC flickermeter and the flickermeter proposed in [27] , which does not consider the high-frequency flicker components. All results are plotted together in Figures 3-5 for both the whole 10-min measurement period and also for a sample 1-min period to observe the details for comparison purposes.
S max values are calculated for 0.2-s (10 cycle of the fundamental) windows overlapping 9-cycles, hence generating one S max value every cycle and average of each 10-cycle is taken to obtain one S value at each 0.2-s window. The averages have been calculated by using the S 1 method considering the simplified IEC flickermeter [27] and the proposed VPD flickermeter. (52) and (53).
In the Case of Interharmonics around the Fundamental Frequency
In For all phases of the collected voltage waveform, frequency variation is calculated. In addition, instantaneous flicker sensation values ( _ ) for 10 min are obtained using the proposed method, the IEC flickermeter and the flickermeter proposed in [27] , which does not consider the high-frequency flicker components. All results are plotted together in Figures 3-5 for both the whole 10-min measurement period and also for a sample 1-min period to observe the details for comparison purposes.
values are calculated for 0.2-s (10 cycle of the fundamental) windows overlapping 9-cycles, hence generating one value every cycle and average of each 10-cycle is taken to obtain one S value at each 0.2-s window. The averages have been calculated by using the method considering the simplified IEC flickermeter [27] and the proposed VPD flickermeter.
It is observed in Figures 3-5 that the results of the IEC flickermeter and the simplified IEC flickermeter are very close to each other. This shows that the results obtained by the method using the method of [27] are consistent with the results obtained from the IEC flickermeter. However, as can be seen from the tests, using synthetic data that the flicker produced by the high frequency components cannot be detected. In addition, to the knowledge of the authors, there is no work in the literature to determine the effect of the high-frequency interharmonics when the fundamental frequency is deviating. It is seen that the results obtained with the proposed VPD flickermeter have similar tendencies of increase and decrease with the results of the IEC flickermeter and the simplified IEC flickermeter in [27] . The differences can be interpreted as the effect of the high-frequency components detected by the proposed VPD flickermeter, which can't be detected with the IEC flickermeter and the simplified IEC flickermeter in [27] . For this reason, the values of and obtained with the VPD flickermeter are usually somewhat higher. Table 9 shows the values obtained for the three different flickermeters used. In a similar manner, higher values are obtained because the proposed VPD flickermeter senses the flicker caused by the high frequency interharmonic components. 
Conclusions
In this article, a flickermeter developed based on the voltage-peak-detection (VPD) flickermeter, which is more robust to fundamental frequency deviations, is presented. The maximum value of the instantaneous flicker sensation, , obtained from the VPD flickermeter has been shown to be approximately equal to the sum of the squares of the amplitudes of the flicker generating frequency components. With this representation, a simplified VPD flickermeter has been developed with the It is observed in Figures 3-5 that the results of the IEC flickermeter and the simplified IEC flickermeter are very close to each other. This shows that the results obtained by the S 1 method using the method of [27] are consistent with the results obtained from the IEC flickermeter. However, as can be seen from the tests, using synthetic data that the flicker produced by the high frequency components cannot be detected. In addition, to the knowledge of the authors, there is no work in the literature to determine the effect of the high-frequency interharmonics when the fundamental frequency is deviating. It is seen that the S max results obtained with the proposed VPD flickermeter have similar tendencies of increase and decrease with the results of the IEC flickermeter and the simplified IEC flickermeter in [27] . The differences can be interpreted as the effect of the high-frequency components detected by the proposed VPD flickermeter, which can't be detected with the IEC flickermeter and the simplified IEC flickermeter in [27] . For this reason, the values of S max and P st obtained with the VPD flickermeter are usually somewhat higher. Table 9 shows the P st values obtained for the three different flickermeters used. In a similar manner, higher P st values are obtained because the proposed VPD flickermeter senses the flicker caused by the high frequency interharmonic components. 
In this article, a flickermeter developed based on the voltage-peak-detection (VPD) flickermeter, which is more robust to fundamental frequency deviations, is presented. The maximum value of the instantaneous flicker sensation, S max , obtained from the VPD flickermeter has been shown to be approximately equal to the sum of the squares of the amplitudes of the flicker generating frequency components. With this representation, a simplified VPD flickermeter has been developed with the help of the VPD flicker curve. Satisfactory results are revealed from the tests using this new flickermeter made with synthetically produced voltage signals with both low and high frequency interharmonic components. Comparison of the results with the results of the IEC flickermeter and a simplified flickermeter proposed in [27] has shown that the proposed flickermeter provides more robust results in cases of fundamental frequency deviations, which is a common and contemporary problem of the electricity transmission or distribution systems with highly time-varying loads and renewable energy sources. In the field data tests, the standard IEC flickermeter produced S max values less than those produced by the proposed VPD-based method, which is a natural result because the proposed method considers the effect of the high frequency interharmonic components on the flicker sensation. When the short-term flicker severity, P st , values are considered, the situation is also similar. Considering all of these results and the literature survey, it can be concluded that there exists no effective flickermeter, which takes care of both the high frequency interharmonic components and is robust to the fundamental frequency changes in the literature. Hence, an efficient and usable VPD-based flickermeter is proposed.
Author Contributions: S.A. and Ö.S. proposed the methodology. S.A. improved the method and performed the simulations and wrote the manuscript. Both authors reviewed and polished the manuscript.
